Abstract: Epidemiologic and experimental research on the potential carcinogenic effects of extremely low frequency electromagnetic fields (ELF-EMF) has been performed for a long time. Epidemiologic studies regarding ELF-EMF-exposure have focused primarily on leukaemia development due to residential sources in children and adults, and from occupational exposure in adults, but also on other kinds of cancer. Genotoxic investigations of EMF have shown contradictory results, a biological mechanism is still lacking that can explain the link between cancer development and ELF-EMF-exposure. Recent laboratory research has attempted to show general biological effects, and such that could be related to cancer development and/or promotion. Metabolic processes which generate oxidants and antioxidants can be influenced by environmental factors, such as ELF-EMF. Increased ELF-EMF exposure can modify the activity of the organism by reactive oxygen species leading to oxidative stress. It is well established that free radicals can interact with DNA resulting in single strand breaks. DNA damage could become a site of mutation, a key step to carcinogenesis. Furthermore, different cell types react differently to the same stimulus, because of their cell type specific redox status. The modulation of cellular redox balance by the enhancement of oxidative intermediates, or the inhibition or reduction of antioxidants, is discussed in this review. An additional aspect of free radicals is their function to influence other illnesses such as Parkinson's and Alzheimer's diseases. On the other hand, modulation of antioxidants by ELF-EMF can lower the intracellular defence activity promoting the development of DNA damage. It has also been demonstrated that low levels of reactive oxygen species trigger intracellular signals that involve the transcription of genes and leading to responses including cell proliferation and apoptosis. In this review, a general overview is given about oxidative stress, as well as experimental studies are reviewed as they are related to changes in oxidant and antioxidant content after ELF-EMF exposure inducing different biological effects. Finally, we conclude from our review that modulations on the oxidant and antioxidant level through ELF-EMF exposure can play a causal role in cancer development.
INTRODUCTION 2. EXTREMELY LOW FREQUENCY ELECTROMAGNETIC FIELDS
The exposure to extremely low frequency (ELF) electromagnetic fields (EMF) is strongly increasing world wide as a consequence of the increasing distribution and use of electricity and electrical appliances. There is a major public concern regarding the potential health hazards of such fields since Wertheimer and Leeper [1] reported increased frequency of childhood leukaemia correlated to the electrical power lines nearby the houses of the children. As a consequence, the possible effects of ELF-EMF on biological systems were extensively investigated. Some epidemiological studies offered positive evidence for a correlation between exposure to ELF-EMF and increased incidence of different tumours whereas other studies could not confirm these findings. In vivo and in vitro studies investigated the potential effects of ELF-EMF on many biological endpoints, on cellular and molecular levels, but the results remained inconclusive or even contradictory.
Artificially produced EMF occur in a wide range of frequencies extending from static fields (0 Hz) to ionizing radiation (10 20 Hz). Low frequency EMF is generated in the range of 1 to 30 kHz, e.g. by the electric power transmission, electric wiring inside and outside the home, and by occupational devices. Wherever electrical energy is generated, transmitted, and used, electric and magnetic fields are created. These fields are characterised by different physical parameters including frequency, phase, direction and magnitude. The commonly used field oscillates 50 (in Europe) and 60 (in North America) times per second and belongs to the extremely low frequency range of the spectrum. In general, EMF is composed of an electric and a magnetic component. The electric field (EF) is produced by the presence of electric charges and it has the strongest field intensity close to the charge or to the charge conductor. The strength of the EF is measured in volts per meter (V/m) and rapidly diminishes with distance from the conductor. It is easily shielded by a number of structures such as buildings, trees, and the so called Faraday cage. The magnetic field (MF) is generated by the motion of electric charges and is designated by magnetic flux density measured in tesla (T). Similar to EF intensity, magnetic flux density is strongest close to its source and decreases with distance from its origin. In contrast to EF, magnetic fields are not attenuated by most common materials.
Since the energy of electromagnetic fields can neither denature proteins nor damage cellular macromolecules directly, only indirect actions between fields and living systems can be plausible. The possible mechanism(s) of interactions and its biological consequences (e.g. alteration of different cellular signal transduction systems and molecular damages with pathologic consequences) is reviewed in the present paper. The focus is on the possibility that ELF-EMF exposure can result in disease or cancer development by influencing the redox status or homeostasis of cells. However, since cell activating capacity of EMF also may be found, beneficial aspects in medical applications are shortly discussed. This review is only about ELF-EMF, therefore the term EMF is used instead of ELF-EMF.
However, fields emitted by home appliances which have been used for over 100 years, raised the question about their possible health effects since epidemiological studies suggested an association between exposure to EMF and cancer incidence. Wertheimer and Leeper first reported in 1979 [1] that children living in the near of power lines had an increased risk for leukaemia. Subsequently, multitude of epidemiological studies reported highly contradictory results. Some studies reported that EMF may lead to an increased risk of certain types of cancer, not only leukaemia but also lymphoma and cancer of the central nervous system [2] [3] [4] [5] . Other authors could not confirm this association [6] [7] [8] . The contradicting results of epidemiological studies were discussed in some reviews [9, 10] explaining the heterogeneity in the used methodology and in the applied exposure assessments as well as in the evaluation of the data. However, findings from epidemiological and laboratory studies have been the basis for the classification of ELF magnetic fields as "possible carcinogenic to humans" by the International Agency for Research on Cancer [11] . Numerous investigations have shown the presence of a multitude of biological effects, from whole organisms down to the subcellular level, however, the situation regarding more specific health effects is not that clear, since the basic interaction mechanisms between relatively weak fields and living matter are unknown. Some hypotheses have been put forward, although none is convincingly supported by experimental data. There is furthermore no model for the biological mechanism(s) involved, although there is support that molecules (yet unidentified) in or close to the plasma membrane are involved very early on in the biological response.
is discussed in a hypothesis [20, 21] . Another interesting hypothesis focuses on the potential of EMF to inhibit melatonin production in the pineal gland. In one in vitro study [22] a blunted night time melatonin level in hamsters exposed to 60 Hz (100 µT) MF was detected, and in other study [23] the modulation in the circadian rhythm of melatonin in 50 Hz 100 µT MF exposed mice was found. In a review by Touitou [24] , the findings of a number of experimental and epidemiological studies are reported, showing differences in melatonin level in MF exposed humans as well as animals, and a possible cointeraction of MF with chemical substances. Also the differences in the sensitivity to MF between different species are discussed.
FREE RADICALS
Free radicals are atoms or molecules which contain one or more unpaired electrons not contributing to intramolecular bonding, and are in that sense "free". Accordingly, a free radical has an unpaired electron. Many free radicals are highly reactive with a very strong tendency to be in a paired rather than an unpaired state. For pairing, free radicals randomly pick up electrons from an appropriate donor or donate an electron to an appropriate acceptor, which in turn converts into secondary free radicals, thus setting up a chain reaction which can cause substantial biological damage.
Several hypotheses have been proposed to explain the influence of EMF in living systems. The energy of 50 Hz EMF is not strong enough to disrupt chemical bonds and therefore a direct damage by EMF is unlikely. Some studies indicate that the cell membrane is the most likely target for field interaction [12] , particularly discussed is ligand binding with membrane receptors and the distribution of membrane proteins, which may be affected by the fields [13] , whereas the primary molecular interaction is still unclear. Several researchers discussed the lifetime extension of free radical species and radical mediated damages on macromolecules [14] [15] [16] [17] [18] [19] . DNA damages due to EMF Radicals derived from oxygen represent the most important class of radical species in living systems. Molecular oxygen (dioxygen) has a unique electronic configuration and is itself a radical, being in the ground state a biradical with two parallel unpaired electrons and forming a triplet state molecule ( O ). One more electron forms the superoxide anion radical 2 ) and the addition of one more electron leads to the peroxide dianion 2- (O 2 ) which has no unpaired electrons and is therefore no Fig. (1) . Generation of reactive oxygen species. Superoxide anion radical is generated by electron leakage from mitochondria or enzymatically by NAD(P)H oxidase, xanthine oxidase, lipoxygenase, cyclooxigenase, cytochrom P450, or non-enzymatically by semi-ubiquinone mediated pathways. The superoxide radical can also appear from external stimuli e.g. ionizing radiation. SOD dismutates superoxide radical to H 2 O 2 which is mostly converted to H 2 O by catalese or gluthatione (GSH) peroxidase. Oxidative damage can be induced on biomolecules such as DNA, proteins and lipids.
radical. The oxygen free radicals oxidize their target molecules by taking an electron to pair with their own single free electron. There are some closely related oxygen containing molecules that are not strictly free radicals, but contribute to their production or are strong oxidants themselves, such as singlet oxygen and hydrogen peroxide (H 2 O 2 ). The term "reactive oxygen species" (ROS) refers to oxidants and the oxygen free radicals. In the present paper it includes reactive nitrogen species as well, since superoxide radicals are needed to generate nitrogen oxides. Free radicals have a range of short-lived existence depending upon their reactivity. Highly unstable free radicals such as hydroxyl radicals are present for less than one nanosecond [25] , whereas somewhat more stable free radicals such as nitric oxide (NO ) can have lifetimes of around 3-5 seconds [26] .
The myeloperoxidase is another enzyme which catalyses the transformation of H 2 O 2 in the presence of any halides (Cl -, Br -, I -) into the highly toxic, non-radical hypochlorous acid [VII] .
The high reactivity of ROS can lead to a number of pathological consequences in cells, including lipid peroxidation, protein damage, deactivation of enzymatic activities, and modification of the DNA.
Redox Homeostasis
There are many sources of free radicals within cells and in the environment. In biological systems, free radicals are produced by normal metabolism, especially from the electron transfer reaction in the plasma membrane and mainly in the mitochondrial membrane. The production can be mediated enzymatically or non-enzymatically. There are a number of enzymes, such as NAD(P)H oxidase, xanthine oxidase, cytochrome p450 or nitric oxide synthetase (NOS), whereas non-enzymatically mediated reactions are redox reactive chemicals such as the semi-ubiquinone of the mitochondrial electron transport chain. Already Bruce Ames and his colleagues [27] claimed that oxidants generated by mitochondria are the major source of oxidative lesions, since the major source of free radicals is the electron leakage that occurs from the electron transport chain to molecular oxygen which generates superoxide [28] . The enzyme superoxide dismutase (SOD) converts superoxide into hydrogen peroxide [I] . Hydrogen peroxide can be converted into the reactive hydroxyl radical ( OH) mediated by superoxide according to the Haber-Weiss reaction [II] , and in the presence of reduced transition metals (ferrous and cuprous ions) through the metal-catalyzed Fenton reaction [III] . It can also be converted to water by glutathione peroxidase or catalase (Fig. 1) . Xanthine oxidase catalyzes the reaction of hypoxanthine to xanthine and xanthine to uric acid. In both steps, molecular oxygen is reduced, forming the superoxide anion in the first step and hydrogen peroxide in the second [29] . However, superoxides have a very short halflife, therefore the majority of regulatory processes in biological systems are not primarily mediated by superoxides but by their ROS derivates.
Free radicals and their derivatives as well as reactive nonradicals derived from radicals exist in relatively low steadystate levels in living systems. The concentration of free radicals is dependent of their production and their clearance, which is controlled by different enzymes and antioxidant compounds such as the antioxidant enzymes SOD, gluthatione peroxidase (GPx) and catalase, or non-enzymatic compounds such as vitamin E (α-tocopherol), β-carotene, vitamin C (ascorbate) and gluthatione. Cells are in a stable state if their rate of ROS production and the antioxidant capacity is in balance due to a redox regulation. This balance can be disturbed either by an increased ROS production or by a decreased scavenging capacity of antioxidants. Since free radicals can donate an electron to an appropriate acceptor (reduction reaction) or pair their unpaired electron by taking one from an appropriate donor (oxidation reaction), free radicals have major influences on the redox state of the cells. Depending on the duration and on the magnitude of the imbalance (which can be temporary), the redox regulatory capacity of the cell may be sufficient to compensate it. This physiological condition is called redox homeostasis. On the other hand, if there is a persistent production of free radicals by e. g. oxidative stress, the redox homeostasis is "out of balance", since no mechanisms are sufficient to reset the normal level. This can lead to a persistent change in cell signaling and gene and protein expression, resulting in a shift to more oxidative conditions. Targets for oxidative processes are molecular complexes that readily give up or acquire a single electron; so practically every type of molecule (DNA, protein, lipid, and carbohydrate) can be a target and thus be damaged by a highly reactive radical. This shift in turn can lead in the long term, due to a persistently increased level of ROS, to a shift in redox homeostasis which may result in ROS damaging effects or ROS-mediated protein or gene expression. The latter can result in a chronic situation in pathologic conditions. Cell typedependent and stimulus-dependent factors may control ROS dependent reactions or redox sensitivity, and the activation or inhibition of certain proteins either directly or by induction of specific signaling cascades can appear.
Haber-Weiss reaction [II]
Superoxide anions produced by NAD(P)H oxidase is the main source of all ROS generated in cells [IV] . Superoxide may serve as precursor for a number of other reactive oxygen species such as hypochlorid acid (HOCl), H 2 O 2 and hydroxyl radical (OH ó ). The superoxide radical can spontaneously dismutate into H 2 O 2 (under acidic pH such as in phagosomes) or become enzymatically transformed by cytosolic SOD.
The continuation of maintaining redox homeostasis includes also regulatory mechanisms which are able to recognize free radicals and to react to them. So, for example, ROS is able to stimulate compensatory gene products involved in the antioxidant defense (SOD, catalase) whereas NO is able to inhibit the activity of NOS. A relatively high concentration of antioxidative compounds within the cell is a further evidence for a strong scavenging capacity.
An additional important free radical in higher biological systems is the NO radical which is produced through the oxidation by the enzyme NO-synthetase (NOS) (of one of the guanidonitrogen atom) of L-arginine [V] . NO can then be converted to different reactive nitrogen species (RNS) such as nitroxyl anion (NO -), nitrosonium cation (NO + ) and also to peroxynitrite (ONOO -) [VI].
Intracellular Sources of ROS -Mechanisms
The production of superoxides can be enzymatic or nonenzymatic. The most common radicals in biological systems occur mostly in the mitochondria but to a smaller amount also in the plasma membrane. Mitochondria accomplish cellular respiration and energy production by the "electron transfer chain" mechanism. Electrons are passed between molecules whereby chemical energy (ATP) is produced, and at the end of the chain oxygen emerges. Since some electrons "leak" from the chain, those electrons are interacting with oxygen to produce superoxide radicals, therefore 1-3 % of the oxygen molecules are converted to superoxides [30] [31] [32] . Mitochondria contain their own genome that is highly conserved among mammals (mtDNA). Transcription of certain mitochondrial genes may be regulated in response to the redox potential of the mitochondrial membrane.
The primary damage from superoxides occurs on the mtDNA. Accumulation over time of such a damage can lead to aging, to apoptosis, or to pathologic conditions. Increasing evidence suggests the participation of mitochondria in neurodegenerative and neuromuscular diseases involving alterations in both nuclear DNA and mtDNA [33, 34] . the substances [38] . The antioxidant enzymes SOD, catalase (CAT) and glutathione peroxidase (GPx) are the backbone of the cellular antioxidant defense system [39, 40] . SOD catalyses the dismutation of superoxide to H 2 O 2 . Hydrogen peroxide is detoxified by CAT to H 2 O and O 2 . GPx reduces H 2 O 2 using reduced glutathione (GSH) as an electron donor [38, 41, 42] . If oxidative stress is not present, these enzymes are responsible and sufficient for the redox balance and status within cells.
There are two major types of SOD; CuZn-SOD and Mn-SOD which have copper/zinc/manganese ions at the active sites. CuZn-SOD is mainly found in the cytosol in the cell, whereas Mn-SOD is found in the mitochondria [43] . The major antioxidant enzymes possess redox elements at their active site, which tends to shield the enzyme protein [44, 45] . Nonenzymatic antioxidants deactivate radicals and/or transfer the oxidizing equivalents from the hydrophobic phases into the aqueous phases, e.g. from the membrane to the cytosol [38] . These antioxidants are water-soluble compounds such as ascorbic acid (vitamin C) or glutathione, and lipid soluble compounds such as α-tocopherol (vitamin E) and β-carotenes.
ROS are generated in large amounts in activated monocytes, macrophages, neutrophils and eosinophils. ROS formation is part of the cascade of events in the antimicrobial action in phagocytic cells, the oxidative burst, which results from the assembly of a complex electron transport system in the plasmamembrane. Several enzymes are known to be involved in processes generating free radicals, including NAD(P)H oxidase, xanthine oxidase, lipoxygenase and cyclooxygenase.
In immune cells, the most important enzyme for the generation of free radicals is the NAD(P)H oxidase complex containing cytochrom b, which catalyses the univalent reduction of molecular oxygen to generate the superoxide anion radical [IV] [35] . As a consequence of stimulation by encountering foreign materials, at least three cytosolic components, namely p47phox, p67phox and a G protein of the rac family, are translocated to the plasma membrane. Here this complex combines with the cytochrome b 558 complex, which contains a catalytically active subunit of the gp91phox and a p22phox, protein to form the active structure of NAD(P)H oxidase. The activation of NAD(P)H oxidase can be induced by bacterial LPS or cytokines, including IL-1β and interferon γ [35, 36] .
OXIDATIVE STRESS -BIOLOGICAL RESPONSES

Changes in Redox Regulation and in Cell Signaling
NF B
ROS at low levels can act as second messengers and are responsible for activating signaling cascades resulting in a multitude of physiological responses, ranging from cell proliferation to gene expression and apoptosis (for reviews and extensive list of proteins and genes see [46, 47] ). Studies investigating the role of ROS as signaling molecules showed that free radical mediated mitogenic signals lead to the activation of transcription factors including NFκB in a cell-type dependent manner, and also activation of different antioxidant enzymes [48] . NFκB is involved in a wide variety of biological responses but also in the expression of the interleukin-2 gene which is implicated in the inflammatory process, growth control and apoptosis induction. Furthermore, NFκB is one of the transcription factors which directly respond to oxidative stress. In certain cell types (e.g. human breast cancer MCF-7 cells) NFκB can be activated already by a very low concentration of hydrogen peroxide (see review [46] ). On the other hand, NFκB can also be inhibited by the proteolytic degradation of NFκB-inhibitor (IκB), but the IκB kinase-α activity can also be increased after ROS-exposure [46] .
An isoform of the phagocytic NAD(P)H oxidase is the NADH oxidase in various types of non-phagocytic cells such as fibroblasts, endothelial cells, vascular smooth muscle cells, and cardiac myocytes. This NADH oxidase is known to have similar characteristics as the NADPH oxidase, but it appears to utilise both NADPH and NADH as a reduced electron donor [36, 37] . The induction of NADH oxidase leads to much smaller quantities of free radicals (one third of that of neutrophils) and is mainly associated with cellular mechanisms involved in signal transduction cascades and regulatory processes.
Phosphatases
Protein tyrosine phosphatases can be inhibited by ROS in different ways. The reactive cystein site of the protein important for the catalytic activity can form a sulfenic acid derivative, or by the reaction with gluthatione disulfide resulting in changes in the thiol/disulfide redox state and lead to corresponding reduction in enzymatic activity [49] (Fig. 2). 
Antioxidants
Antioxidants regulate oxidative reactions by competition with substrates, they prevent, delay or inhibit the oxidation of Fig. (2) . Oxidation can activate or inactivate protein functions, e.g. by changes in the thiol/disulfide redox status.
MAP Kinases and PKC
addition of catalase [66] . Moreover, the cell cycle inhibitor p21 (WAF1, cip1) which plays a crucial role during the cell cycle progression by interacting with multiple proteins including the cyclin-dependent kinases [67, 68] , seems to be influenced by ROS. A completely different influence on the cell cycle is the oxidative damage on the DNA which will be discussed below.
Extracellular signal molecules such as cytokines or growth factors induce a molecular cascade within the cell, from the membrane to the nucleus, to regulate certain gene expressions. The well described MAPK signaling cascades are regulated by phosphorylation and/or dephosphorylation processes. It is known that JNK and p38, parts of the MAPK pathway, are strongly regulated by a mild oxidative shift such as ROS production, but also by a small change of the intracellular thiol/disulfide redox state [47] . Several members of the MAPK cascade have been described as strongly responsive to redox regulation, such as ERK-1 and ERK-2 and also JNK/gluthatione S-transferase P 1 (GSTp) complex [47] . Normally, GSTp and JNK are associated leading to a limitation of c-Jun phosphorylation. Already at very low concentrations [50] of hydrogen peroxide this complex dissociates and JNK is activated.
The Role of ROS in Apoptosis Induction
The balance between the amount of DNA damage, its repair, and/or the initiation of apoptosis is extremely important in the process of tumour but also in disease development. DNA damage generates cell cycle arrest to ensure that damaged DNA is not transmitted to the daughter cells. DNA damage is repaired very quickly or otherwise apoptosis is initiated. Resulting from the damage, apoptosis is triggered by the nuclear enzyme poly ADP ribose polymerase-1 (PARP-1). This enzyme plays a crucial role in maintaining genomic integrity. The massive activation of PARP-1 can be a signal from the nucleus to the mitochondria to start the apoptotic process as an intrinsic inducer. For extrinsic apoptotic signals the Fas/Apo-1/CD95 receptor, one of the main proteins belonging to the TNF receptor super-family, in the cell membrane is responsible activating downstream caspases. Oxidation of caspases result in their inactivation and ROS induced Bcl-2 activation results in the suppression of the activation of the apoptosis related mitochondrial pathways [69] . Moderate oxidative stress induces apoptosis whereas higher doses of ROS initiate necrosis [70, 71] . Several pathways were described to be involved in the ROS-induced apoptosis. Thus, free radicals induce the release of ceramide [72] , the activation of JNK [73] and of the tumour suppressor p53 [74, 75] , as well as the induction of PI-3-kinase [75] . Exposure of Tlymphocytes to low concentrations of H 2 O 2 induced the Fasindependent apoptotic process which requires mitochondrial ROS and the activation of NFκB [76] . At the same time there is a ROS production during the apoptotic process itself, which acts as a positive feed back loop. However, Bcl-2 is responsible for the inhibition of the pro-oxidant induced change in mitochondria and prevent ROS formation [69] . TNFα induces apoptosis accompanied by ROS release as well [77] [78] [79] [80] [81] , whereas antioxidants inhibit TNFα-induced apoptosis [82, 83] . In addition, hydrogen peroxide induces the phosphorylation of Hsp27 [84, 85] , a protein suggested to promote cell survival against free radical induced cell damage [84] . It seems that ROS are involved in apoptosis induction but are not the general prerequisite for apoptosis.
The transcription factor AP-1, implicated in many cellular functions such as differentiation, growth, etc., is a protein complex of c-Fos and c-Jun and responding to oxidative stress. The oxidative activation of AP-1 is based on the oxidation of JNK [47, [51] [52] [53] ].
There are a number of proteins and enzymes described to be redox responsive signaling elements [46] . The effects of the stimuli, which can originate from intracellular activation processes or oxidative stress, but also from the outside in the form of ionizing radiation, UV etc. are dependent on the cellular status. So for example, a single stimulus can exert profoundly different effects in various cell types. Collart [54] showed that treatment with hydrogen peroxide or exposure to ionizing radiation of different cell types induced c-Jun activation ranging from dramatic increases to no effect at all in certain cell types. It is a matter of fact that different signal machineries exist in different cell types as do different antioxidant status or control mechanisms.
Protein kinase C (PKC) is a family of structurally correlated enzymatic isoforms which are differentially involved in cell signaling influencing cell cycle regulation, differentiation or apoptosis induction [55] . The PKC family is divided into three subfamilies depending on the sequence similarities and the mode of activation. The conventional or classic PKCs (α, βI, βII, γ) are Ca 2+ -dependent and stimulated by the second messenger diacylglycerol (DAG) which can be mimicked by phorbol esters [56] , whereas the so called novel PKCs (δ, ε, η, θ) are Ca 2+ -independent. The third group consists of the atypical PKCs (ι, λ, ζ) which require neither Ca 2+ nor DAG for stimulation [57] . In general, PKC is regulated by phosphorylation, lipids and calcium and can also be activated by H 2 O 2 [58] . Moreover, redox-cycling quinones [59] , selectively oxidizing at the amino-terminal regulatory domain lead to PKC activation [60] , while other oxidative alterations of the PKC on the carboxylterminal resulted in the total inactivation of the kinase [61] .
ROS -Indirect DNA-Damage
Alterations in the cellular condition and status by the release of free radicals and the induction of oxidative processes can result in DNA damage through modulation of gene expression, which in turn can induce apoptosis but also growth stimulation. Chromosomal rearrangement as a result of DNA strand-break misrepair leads to alteration in gene expression, and finally to loss of heterozygosity, which in turn may promote neoplastic progression [29] . Chronic inflammation is often discussed as an initiator of tumour development and Virchow was the first to report the connection between inflammation and cancer development [86] . The production of ROS and RNS by activated macrophages and neutrophils during inflammatory processes causes concomitant damage in adjacent cells. It was reported, that co-cultivation with neutrophils induced DNA damage and neoplastic transformation of cells [87] [88] [89] [90] . In addition to mutations, ROS can result in changes in DNA methylation leading to (epigenetic) alterations in gene expression [91] . It is questionable if the general dogma of initiation and promotion as a model for cancer development is valid. It is generally accepted that a single direct damage in a
The Role of ROS in the Cell Cycle Regulation
The redox state changes normally during the cell cycle, leading to an influence by oxidative stress on the cell cycle itself. It was shown [62] that changes in the GSH concentration can affect the cell cycle progression in human T lymphocytes. It was also shown, that the GSH concentration is higher in proliferating cells than in stationary cultures [47, 63] . Moreover, it seems that ROS inhibits the cell proliferation by signal transduction processes as well [64, 65] . It has been demonstrated that some redox effects on signal transduction are cell cycle dependent. For example TGF-β1 inhibited the DNA synthesis and increased the hydrogen peroxide production in mouse osteoblastic (MC3T3) cells if it was applied during the G1-phase, whereas this inhibition was diminished after the target stem cell for example, leads to a pre-neoplastic clone of initiated cells. It is also accepted that this clone is able to develop to a fully malignant clone without any additional factors [92] . However, it has been shown, that irradiated mice did not develop leukaemia if they were kept under sterile conditions [93, 94] , showing that co-factors such as ongoing inflammatory processes are required for cancer progression. Interesting findings were reported [95] [96] [97] showing that the induction of apoptosis after whole-body irradiation of humans induces a strong and unexpected inflammatory process. The elimination of the large amount of apoptotic cells induced the activation of macrophages and neutrophils resulting in an oxidative burst, although it is generally accepted that the apoptotic process is silent and anti-inflammatory [95] [96] [97] . The resulting increased free radical production can lead directly or via epigenetic (signaling) cascades to increased number of mutations.
Another interesting report described the involvement of p53 as a link between inflammation and cancer. The macrophage migration factor (MIF), which is a proinflammatory cytokine, inhibits the p53 function [98, 99] , whereas interferon-α and -β induce the transcription of p53 as a response to stress [100] . It is likely that the balance of damaging factors and inhibition or activation of the p53 response is dependent of the metabolic status of the cells.
involves beside the excision repair also the so called nonhomologous endjoining or the homologous recombination repair mechanisms [34] . However, the permanent modification of the DNA by oxidation processes leads to the first step of carcinogenesis by mutations as well as to the activation of aging processes [33] . Since the mutation potential is directly proportional to the number of oxidative damages that escape repair, misrepair could end in the manifestation of mutation [33] , but can also lead to chromosomal abnormalities, which play an important role in cancer development. ROS are able to induce changes in certain oncogenes and tumour suppressor genes, which could be an important step during the initiation process. It has been shown that H 2 O 2 activates K-ras and c-Raf by point mutations in GC base pairs and in N-terminal deletions [88] . Point mutations in p53 and in the retinoblastoma genes were reported resulting in inactivation of these genes [103, 104] , leading to failure in cell cycle control and in reduced repair capacity. Since p53 has the primary role as a transcription factor that induces cell cycle arrest and /or apoptosis, its failure significantly influences tumour formation. Nevertheless, there are also conditions exhibiting oxidative stress and oxidative damage, although carcinogenesis is not present (see review [34] ). It is discussed, that oxidative damage does not necessarily result in cancer, but in development of other pathologic conditions (Fig. 3). 
ROS -Direct DNA-Damage -Cancer Development 5. BIOLOGICAL EFFECTS OF ELECTROMAGNETIC FIELDS -INFLUENCE OF THE REDOX HOMEOSTASIS
Genomic damage results from a variety of exogenous and endogenous sources. ROS is the main endogenous source for oxidative stress. Around 10 10 ROS molecules per day/cell is estimated to be produced, inducing approximately 20 000 DNA damages [101] . Not less important, spontaneous depurination of DNA caused by water result in ca. 50 000-200 000 abasic sites per cell [102] . Both damages are cell type dependent and ROS production varies also with the metabolic activity. ROS can arise also from inflamed tissues by active phagocytic and other immune relevant cells. In general, free radicals can induce modification of all bases, produce base-free sites, adducts, deletions, frame shifts, strand breaks, DNA-protein cross-links, and chromosomal rearrangements [34] . Radical induced DNAdamages are commonly removed by specific repair mechanisms such as excision repair, including base-, nucleotide-and mismatch repair [34] . The repair of double strand breaks Numerous studies have examined the effectiveness of EMF in living systems (in vivo and in vitro) using defined exposure conditions and designated physiological parameters. These studies revealed a broad range of biological effects indicating cellular and molecular responses. Nevertheless, the findings in certain epidemiological studies led to the discussion about the carcinogenic potential (initiation or promotion) of EMF. It is known that the modulation of signal cascades by oxidative stress (e.g. ionizing radiation, EMF, ROS, chemicals) and regulatory pathways can lead to changes in growth and growth control that finally can lead to pathologic (cancer) development. It has to be pointed out, that direct interaction between DNA and EMF is not to expect since the energy of the fields is not strong enough to induce molecular breakages. Fig. (3) . ROS mediated cellular responses. However, if EMF is able to induce biological processes which lead to free radical production and to changes in the redox homeostasis, this in turn can lead to DNA-damages. These damages can be induced by direct interaction between ROS and DNA, or by indirectly induced or activated pathways which have been described above.
reduced activity in catalase, and gluthatione reductase activity as well as in the capability to neutralize peroxyl radicals in addition to increased DNA strand breaks [123] .
However, there are several studies without finding any DNA damaging effects of EMF, especially in human lymphocytes [124] [125] [126] [127] [128] , but also in mouse macrophages [129] and in placental cotyledons [120] . The contradictory results regarding genotoxicity by EMF can be due to differences in the used cell types. It seems that lymphocytes are not responding to the fields, which can be explained by the strong homeostatic activity of the cells and also by certain experimental conditions such as the use of mitogens. Moreover, various exposure conditions, such as flux densities and the orientation of EF and MF were applied leading to diverse effects which has been discussed earlier [20] . Furthermore, in several studies, intermittent or continuous pulse modulated or non-modulated exposure conditions were used, resulting in different cellular effects.
In a general view, it is obvious that different cell types react differently to the same stimulus. It is very likely that these cell type dependent or specific effects are redox status dependent. The modulation of cellular redox balance by the enhancement of oxidative intermediates, or the inhibition or reduction of antioxidants, has been investigated using different approaches. First of all, it has been shown that magnetic fields increase the halftime of free radicals by stabilization, thus the concentration and the dispersion within and around cells enhances the probability of cellular changes and damages [14] [15] [16] [17] [18] .
Numerous studies have been performed investigating the genotoxic potential of the fields using various cell types and exposure conditions. Changes in DNA synthesis rates (for review [10] ) have been reported, and also the increase of DNAand chromosomal damage after EMF-exposure, indicating the genotoxic potential of electromagnetic fields. DNA strand breaks after EMF-exposure were reported in rat brain cells and it was shown, that these effects were diminished by using radical scavengers such as melatonin, N-tert-butyl-α-phenylnitrone, Trolox, and the iron chelator deferiprone [19, 105, 106] . The authors suggested that the EMF induced free radical production is initiated by the promotion of iron-mediated process like the Fenton reaction, leading to DNA-, lipid-and protein-damages, but also to changes in the calcium homeostasis [106] . The involvement of iron and transition metals was reported in other studies as well [107, 108] . Another genotoxic endpoint such as micronucleus (MN) formation after EMF exposure was investigated in several studies. In human squamous cell carcinoma cells (SCL II) and in non-transformed human amnion cells, an increased MN rate was detected [109] [110] [111] , and in syrian hamster embryo cells an increased MN formation was shown only if tumour initiation using benzo(a)pyrene (BP) was applied during the EMF-exposure, suggesting the involvement of free radical mediated processes [112] . DNA-damages such as chromosomal aberrations or sister chromatide exchange (SCE) were detected in other studies using different human fibroblast and mouse cell lines [113] [114] [115] [116] [117] .
Examinations in immune relevant cells show the cell activating capacity of EMF by the release of ROS. Roy and coworkers [15] detected an increased release of free radicals in PMA activated rat neutrophils after EMF exposure, which was confirmed in another study [18] . Increased phagocytic activity and enhanced ROS release after EMF-exposure in the absence of any pre-or co-stimulation has also been reported in murine bone marrow-derived macrophages [129] [130] [131] . Enhanced interleukine-1β was also shown in murine macrophages after 24 h of EMF-exposure to 1 mT [129] . Using human monocytes, superoxide radical and ROS release was found to be enhanced after EMF-exposure and the specific stimulation of the NAD(P)H-oxidase and in particular the activation of the alternative pathway was suggested as a responsible mechanism [132, 133] . An in vitro study showed that cell differentiation of PMA activated HL-60 cells was mimicked by EMF exposure and since enhanced phagocytic activity was measured as a parameter for differentiation, it suggests that EMF increases ROS levels also in this case [134] . However, there are studies performed without observing any changes in the generation of ROS using other than immune relevant cells. EMF-exposed embryonic stem cells did not show changes in ROS release [135] , while the expression of some apoptosis relevant genes were regulated. In Jurkat cells, the decrease of spontaneous and anti-Fas-induced apoptosis was detected in accompaniment of not affected ROSformation after EMF-exposure [136] . Oxidative damage, measuring 8-hydroxy-2´-deoxyguanosine (8OHdG)-adduct lesions (which is a predominant form of radical induced lesions) and lipid peroxidation in a time-dependent manner, was shown in in vivo exposed rat blood cells and plasma, respectively [118] showing that oxidative stress induces DNA-lesions after EMF-exposure. Increased cell proliferation rate and increased 8OHdG-adducts were found in HL-60 cells, Rat-1 fibroblast and in WI-38 cells. These effects were blunted by using radical scavengers [118] . Elevated ROSlevels in Rat-1 cells as well as modulated expression levels of NFκB-related proteins (p-65-p59, IκB) were detected after EMFexposure up to 3 days (0.5-1.0 mT) [119] . However, EMFexposure to human placental cotyledons did not induce any adducts on the DNA [120] and the authors discussed that placental tissues protect DNA against oxidation. In another study the stabilizing and also the destabilizing capacity of EMF on DNA has been shown in Escherichia coli [121] . DNA degradation was detected in Hsp70 suppressed clones after EMF-exposure, and Trolox C diminished this effect in E. coli, suggesting that EMF perturb DNA stability in living organisms [121] . Using the same cell E. coli model, Koyama and coworkers [122] detected the potentiation by EMF of H 2 O 2 -induced mutations in pTN89 plasmids. An interesting study was performed using the land snail Helix aspera. The animals were exposed to power line EMF and the authors detected the Rollwitz and colleagues [131] reported significant radical formation oscillations in the response to TPA, LPS or EMF in murine macrophages. There were different time courses of response, which may explain the contrary reports in the literature due to time dependent activating capacity of cells, where negative results of experiments are results of investigations performed at non-activating points of time.
Morre and co-workers [137] investigated the biochemical basis for the biological clock involving the family of NAD(P)Hoxidase proteins, and demonstrated that this family of enzymes show a recurring pattern of enzyme activity oscillations with a period length of 24 sec. Others [138] found that the cytosolic concentration of NAD(P)H fluctuates in a periodic manner in neutrophils and in macrophages. Pulsed EMF-exposure influences the magnitude of oscillations and the rate of ROS and NO-release which are increasing or decreasing according to the oscillations [139] . These authors argue that the electric fields induced by the magnetic fields are responsible for the influence on cell metabolism.
Furthermore, nitric oxide formation has also been investigated in several studies. The enhancement of LPSinduced NO generation was observed after EMF-exposure in BALB/c mice although EMF did not induce NO-release alone [140] . A similar finding, namely no nitric oxide release in murine macrophages, was also reported by others [131] . Using 1 mT 50 Hz EMF the expression and production of inducible nitric oxide synthase (iNOS) and monocyte chemotactic protein-1 (MCP-1) in human monocytes was investigated. The authors detected a down-regulation of iNOS and an upregulation of MCP-1 at the mRNA and protein level [141] . In general, it seems that EMF lowers or do not affect the nitric oxide formation in living organisms.
cycle related protein expression level such as cyclin D1, p16 and p21 in EMF exposed human amniotic cells, suggesting the inhibitory effect of EMF in the G1-phase. Changes in cell proliferation were reported by other authors after EMF-exposure as well [147, 148] .
The activation of certain protein kinases by ROS results in an increased cellular Ca 2+ -concentration, which in turn lead to the activation of transcription factors. Ca 2+ functions as second messenger as well as inducing different down-stream cascades. The rise in concentration levels occurs from extracellular influx and intracellular release from Ca 2+ -stores [149] [150] [151] . It has also been reported, that NAD(P)H-oxidase derived ROS are responsible for Ca 2+ -oscillations in stimulated human aortic endothelial cells [152] . Some reports suggest that EMF affect the calcium ion influx [153] [154] [155] [156] [157] and interfere with protein phosphorylation and certain signal cascade pathways [158] . Other authors showed the modulation in the activity of PI3-kinase [159] and LYN kinase [160, 161] which are known to be involved in redox-mediated signaling. Moreover, some studies detected changes in the phosphorylation state of certain proteins [162] [163] [164] after EMF exposure. Other authors There are several studies indicating that exposure to EMF results in changes in signal transduction pathways which are known to be involved in carcinogenic processes. Thus [135] detected that EMF acts on the transcription level of apoptosis and cell cycle related genes such as bcl-2, bax and GADD45 in embryonic stem cell-derived neural progenitor cells, but no physiological effects in the induction of apoptosis, or changes in cell proliferation were observed. Other examinations also showed that EMF did not affect the cell proliferation rate in human amniotic cells [142] , whereas cell cycle progression was increased in human lymphocytes [143, 144] . Lange and coworkers [145, 146] showed disturbances and changes in cell Fig. (4) . The connection between EMF and cellular responses. EMF induce changes in the intracellular redox status leading to modulated ROS/antioxidant production, which in turn can induce the amplification of the immune response. These effects can induce multiple mechanisms at the same time, such as the induction of different signal transduction pathways. ROS can act also directly by induction of DNA damages. The latter can be repaired by intracellular repair processes, whereas modulations in cell signaling can lead to pathologic development. On the other hand, the capacity of the fields to modulate the immune response and to induce cell activation can be used in medical applications.
documented similar findings in response to EMF exposure in different cell types [118, 165, 166] . Heat shock proteins (Hsps) have been investigated mainly for their role in resistance to stress and after induction also as a cyto-protective protein.
Other studies show the activating capacity of certain Hsps of the immune system, in particular in the innate immune response, to a more efficient stimulation [167, 168] . Hsp70 can be activated by a number of factors, including non-physiological temperatures, oxidative stress, heavy metals, certain toxic chemicals, and also changes in radical homeostasis [169] . After EMF-exposure, changes in the activity or on the expression level of heat shock proteins has been detected in several laboratories suggesting that Hsp70 induction can be a consequence of EMF-exposure [162, [170] [171] [172] [173] [174] [175] [176] [177] [178] . It is likely, that Hsp-expression is dependent of the stimulus, the redox capacity, and of the cell type. These data indicate the effectiveness of EMF on cellular signaling processes by the modulation of the redox homeostasis.
properly, leading to the corresponding cellular responses. Directly induced DNA damages by free radicals undergo sufficient repair mechanisms. In contrast, indirectly mediated effects such as the induction of signal transduction pathways are not controlled by repair mechanisms and thus, the establishment of epigenetic effects is likely. When EMF-effects have been reported, small modulations around 20-30 % have been described in most of the studies. Small fluctuations in the steady state concentration of ROS participate in intracellular signaling and are necessary for normal cellular physiology. Modulations on this level can result in small but relevant effects on physiological processes.
We hypothesized previously that EMF exposure can cause acute and chronic effects, mediated by ROS modulations by three different pathways of free radical involvement in physiological and pathological reactions leading to DNA damage and therefore, to an increased risk of tumour development [20, 21] . First, EMF exposure induces cell-specific activation processes, which in turn activates signal transduction pathways causing ROS formation and/or cell cycle disturbances. Furthermore, DNA damage is enhanced as a result of secondary pathways, such as the extension of free radical lifetime. Moreover, EMF suppresses the synthesis of melatonin or modulates other free radical scavengers which lead to an increased level of intracellular oxidation followed by pathologic development. On the other hand, the first target protein or organelle of interaction between cell and EMF is still not known. There are several biophysical models existing to make an attempt of explanation for this interaction, however, only the lifetime extension of radicals by EMF has been proven. From the biological point of view, the influence of EMFexposure on cells seems to be dramatically dependent on cell type and their homeostatic state.
In vitro and in vivo studies indicate different cell responses and cell activation mechanism(s) during EMF exposure, whereas changes in the redox status such as the formation and the prolongation of halftime of free radicals, but also the modulations of the antioxidants, seem to play an essential role. It is likely that EMF act by sequential or by multistep mechanisms. Changes in the homeostatic status by the fields can appear depending on various parameters. Different initiated intracellular cascades can be induced at the same time, possibly overlapping with each other, and in turn leading to different interactions with different targets by diverse pathways and effects. The influence of EMF on the redox homeostasis is summarized in Fig. (4) .
Another aspect of EMF is their implication in disease development and in disease progression. ROS are implicated in many diseases including ischemia-reperfusion [179] , and in neurodegenerative diseases such as Alzheimer disease [180] , Parkinson's disease, Huntington's disease and in Amyotrophic lateral sclerosis (ALS) [181] . Epidemiological studies show that long-term occupational exposure to a higher EMF level may increase the risk of Alzheimer's disease, dementia and ALS [182, 183 ]. An interesting study described the preventive effects of transcranial magnetic stimulation (TMS, 60 Hz, 0.7 mT) on Huntington's disease in a Wistar rat model. It was shown, that TMS counteracts the increase of oxidative and nitrosative stress induced by 3-nitropropionic acid, and the authors discussed the possible anti-oxidative action by the activation [184] . There is an empirical tradition in various medical applications showing the effectiveness and the interaction of the fields with living systems. Thus, several reports show such therapeutic potential, including transcranial stimulation [185] , bone healing, [186] [187] [188] , and wound healing [189] . These applications should be further explored. However, only knowledge about the interacting mechanisms allows the methodical and therapeutic use of EMF.
It seems that EMF enhance the physiological functions such as cell activation of certain cell types, which can only be measured on cells that show activating capacity. It is therefore very important to investigate the "right" biological endpoint at the right time point of activation capability. It has to be taken into account that experimental approaches regarding EMFexposure show short-term conditions because of technical limitation, which never reflect the real situation, such as longterm exposure and the influence of other environmental noxes. It has been stated [112, 190] that current in vivo experiments on the possible carcinogenicity of EMF are inadequate for environmental exposure of carcinogens to humans when common experimental initiator/promoter design was used. Since environmental exposure of the general public may well comprise several types of carcinogens, including continuous exposure to a wide spectrum of EMF, it seems important to note that the exact time point of initiation during EMF exposure may be of crucial importance.
There are several publications showing modulations on certain protein levels after EMF-exposure although no consistent changes were detected on the RNA level. The central dogma of molecular biology says that genes are transcribed in a time consuming process into mRNA, which is then translated into proteins. It thus has been difficult to reconcile these apparent conflicting observations. In a recent study a new mechanism of gene regulation was shown. The authors showed that nuclear retained mRNA molecules can be converted from a non-protein coding status to protein coding status in response to cellular stress such as oxidative stress. These mRNA molecules are stored in nuclear "speckles" and provide a rapid response to viral or oxidative stress by being released to the cytoplasm and allowing a very rapid protein translation [191] . This fact can be an explanation for at least some of the "nonmatching" findings regarding EMF effects in the literature.
CONCLUSIONS, REMARKS AND PERSPECTIVES
Studies have been performed to elucidate the influence of electromagnetic fields on living systems. It is shown in this review, that various biological endpoints have been investigated in different cell types at diverse exposure conditions to EMF. However, many studies reported no effects at all after field-exposure, which led to a controversial discussion in the scientific community regarding EMF-induced biological responses. In general, it is known that modulations of the redox homeostasis lead to diverse cellular effects by the induction of different pathways, which can be mediated by free radicals directly or indirectly. Modulations at the antioxidant levels or activities influence the redox status of cells quite On the other hand, the findings after short-term EMFexposure have also potential implications for therapeutic applications. However, beneficial effects of the fields have to be clarified since the time factor of the exposure seems to play a crucial roll.
